Objective: Thyroid hemiagenesis (THA) is an anomaly resulting from the developmental failure of one thyroid lobe. Etiopathogenesis, clinical significance, and management of patients in whom THA is diagnosed are still a matter of debate. The aim of the study is to provide the first systematic analysis of a large cohort of subjects with THA. Design: Forty patients with THA are described in comparison to a control group of 80 subjects with fully developed thyroid gland. Methods: Serum concentrations of thyrotropin (TSH), free thyroxine (FT 4 ), free triiodothyronine (FT 3 ), and thyroid autoantibodies were measured. In 37 patients, thyroid ultrasonography and Tc-99m thyroid scintiscan were performed, followed by fine-needle aspiration biopsy if indicated. The remaining archival three cases were diagnosed with the use of I-131 scintiscan under basal conditions and after TSH stimulation. Results: Patients with THA, while usually clinically euthyroid, presented with significantly higher levels of TSH and FT 3 as well as with higher FT 3 /FT 4 concentration in comparison to the control group. Furthermore, a higher incidence of associated functional, morphological, and autoimmune thyroid disorders in patients with THA was observed when compared to subjects with bilobate thyroid (P!0.05). Conclusions: Our results revealed that individuals with THA are more likely to develop thyroid pathology. The observed high incidence of associated pathologies is presumably due to long-lasting TSH overstimulation. Therefore, THA diagnosis should be followed by systematic observation and adequate levothyroxine treatment in patients with elevated TSH level.
Introduction
Thyroid hemiagenesis (THA) is a rare inborn anomaly, which occurs if one of the thyroid lobes fails to develop. Because of a mostly asymptomatic course, THA is usually detected incidentally while investigating concomitant thyroid pathologies or during screening examinations (1) (2) (3) . Due to the development and increasing accessibility of various imaging techniques, more cases are detected. However, the etiopathogenesis of this condition, its clinical significance, impact on thyroid function, and development of associated thyroid pathologies as well as the management of patients in whom the anomaly is diagnosed are still a matter of debate (1, (4) (5) (6) (7) . To date, individual case studies have been reported most often, mainly as an anatomical curiosity or as a diagnostic dilemma, whereas the literature lacks methodological studies of large groups of patients presenting THA, which would provide objective answers to these controversies (4, 5, (8) (9) (10) (11) (12) (13) . Since hormone production by a single thyroid lobe is sufficient to maintain clinical euthyroidism, provided no concomitant thyroid pathology exists, THA has been up to now regarded as a rather benign developmental variant requiring no treatment.
Our study provides the first systematic analysis of a large cohort of subjects diagnosed with THA. The group of 40 patients was analyzed according to a clinical, hormonal, morphological, and immunological profile in comparison to a control group of subjects with normally developed thyroid gland.
Subjects and methods

Subjects
The studied group consisted of 40 patients newly diagnosed with THA, aged between 12 and 79. Except the first three archival patients, the study was designed prospectively and all subjects diagnosed with THA at the thyroid ultrasound unit in our department between January 2002 and December 2008 were involved in the study. The patients were included into the studied group after the diagnosis of congenital absence of one lobe on thyroid ultrasound. Each time, THA diagnosis was confirmed by thyroid scintiscan. The patients were referred for thyroid ultrasound due to various reasons. In 17 patients, the anomaly was detected accidentally during screening examination or evaluation of nonthyroidal disorders. The remaining subjects at admission presented one or more of the following thyroid-related symptoms: asymmetry of the thyroid gland, detected by the patient himself/herself or during physical examination (22 patients) and symptoms of mild thyroid dysfunction -hypothyroidism (eight patients) or hyperthyroidism (six patients).
The control group of 80 persons with bilobate thyroid gland, matched for age and gender, was selected randomly from 2159 participants of a cross-sectional population-based thyroid screening program, which was conducted simultaneously at our department.
All examined subjects live in the same region of Poland (Wielkopolska), which is classified by the WHO as a mild iodine-deficient area with median iodine urinary excretion at the level of 50-99 mg/l (14) .
Serum assays
The hormonal assessment included the measurement of serum TSH, free triiodothyronine (FT 3 ), and free thyroxine (FT 4 ), and was performed using Hitachi Cobas e601 chemiluminescent analyzer (Roche Diagnostics). Patients were classified as euthyroid when TSH level was within normal ranges (0.27-4.2 mIU/ml). Hypothyroidism was defined as TSH level above the reference values, while hyperthyroidism was diagnosed when TSH concentration was below the normal level. Thyroid autoantibodies concentrations (thyrotropin receptor antibody, TRAb; antithyroid peroxidase antibody, TPOAb; and antithyroglobulin antibody, TgAb) were assessed by radioimmunological method with the use of commercially available BRAMHS anti-TPO, anti-Tg, and TRAK RIA kits, and scintillation gamma counter (LKB Wallac CliniGamma 1272).
Thyroid imaging
Thirty-seven prospectively analyzed patients with THA and 80 control subjects underwent thyroid ultrasonography (US) performed by the same experienced sonographist with a 17 MHz linear probe using the ALOKA SSD 3500 SV instrument. The hemiagenetic thyroid volume was additionally measured by the mean of elliptical shape volume formula (p/6!length !width!depth). Subsequently, it was compared to the regular size of one thyroid lobe, which was considered as half of the normal total thyroid volume (!18 ml in women and !25 ml in men, WHO recommendations). Thyroid volume of patients with THA was compared at first with the total thyroid volume of the control subjects, and then with the average volume of one thyroid lobe, considered half of the total thyroid volume of subjects with bilobate thyroid. Moreover, any abnormality detected on US was also reported. Additionally, all patients with THA underwent Tc-99m thyroid scintiscan. In the remaining three retrospectively analyzed patients, the diagnosis of THA was made entirely with the use of I-131 scintiscan under basal conditions and after TSH (Ambinon, Organon, Oss, Holland) stimulation.
Cytological examination
Thyroid imaging was followed by fine-needle aspiration biopsy (FNAB) of detected lesions, if indicated. The examination of obtained specimens was performed in the Department of Pathology, Poznan University of Medical Sciences, by two pathologists as a routine medical procedure.
Statistical analysis
First, the group of patients with THA diagnosed before the age of 25 was compared with the subjects in whom the anomaly was diagnosed later. Secondly, particular features and incidence of specific abnormalities in patients with THA were compared to those in a control group of subjects with fully developed thyroid gland. The significance of differences of the parameters measured in an interval scale was performed either with Student's t-test for unpaired data or with Welch test. Additionally, obtained results were confirmed using distribution-free Mann-Whitney test. Categorical data measured in nominal scale presented in 2!2 contingency tables were analyzed using Fisher's exact test. Linear relationship between analyzed variables measured in an interval scale was estimated using Pearson's correlation coefficient. All calculations were done with STATISTICA version 8.0. Assumed significance level was equal to 0.05.
The above-mentioned procedures are in accordance with the Helsinki Declaration of 1975 as revised in 2000. The study was approved by the local ethical committee, and all patients gave informed consent to participate.
Results
In the studied group, a considerable prevalence of women with THA was noted, with 7:1 female to male ratio. Out of the 40 patients, 35 presented left-sided agenesis. In two patients, a marked pyramidal lobe was visualized. Isthmus was absent in all the five patients with right-sided agenesis and in seven patients with left lobe agenesis. Isolated agenesis of left lobe (28 out of 40 patients) was a predominantly observed type of THA. The remaining patients presented left lobe and isthmus agenesis, or right lobe and isthmus absence ( Fig. 1 ).
THA was very often associated with several thyroid pathologies (Fig. 2) . The most frequent associated thyroid disorders were thyroid nodules and autoimmune thyroid diseases. Simple goiter and nonautoimmune subclinical hypothyroidism were less often observed. Patients were usually euthyroid (26 persons); however, hypothyroidism was observed in ten subjects, and hyperthyroidism in the remaining four subjects ( Table 1) .
The thyroid lobe size was within normal ranges in only 9 out of 40 patients. In the remaining 31 patients, it was enlarged compared to half of the normal total thyroid volume, while 12 of them fulfilled goiter criteria for bilobate thyroid gland.
The FNAB of detected lesions was performed in 22 patients. On FNAB, benign lesions (normal thyrocytes and cystic or colloid nodules) were diagnosed in 16 patients. In four patients, the FNAB was nondiagnostic. Oxyphilic nodules were detected in the remaining two patients. Although there were no malignant lesions found on cytological examination, surgical treatment was recommended to six patients due to the following reasons: a 'suspicious' sonographic appearance, nondiagnostic FNAB findings, toxic nodular goiter, and a high goiter volume.
Patients with THA were subsequently divided into two groups -with early (%25 years old) and late (O25 years old) diagnoses of the anomaly. The comparison of these two groups revealed significant differences in thyroid volume, presence of heterogeneous decreased echogenicity on US, and incidence of increased TPOAb. No significant differences in gender; TSH, FT 4 , and FT 3 concentrations; or incidence of focal lesions were found ( Table 2 ). Out of the 40 subjects with THA with absent thyroid autoantibodies, 18 were selected for hormonal analysis in order to exclude the influence of autoimmune disturbances on their hormonal profile. In the same group, a significant positive correlation between thyroid volume and the age of diagnosis (PZ0.009) was also noted. However, a negative correlation between thyroid volume and age did not reach statistical significance (PZ0.218).
The comparison of THA group to control subjects with bilobate thyroid, matched for age and gender, revealed significantly increased TSH and FT 3 concentrations (Table 1) . However, no significant difference in FT 4 concentration was detected. FT 3 /FT 4 ratio was found to be higher in patients with THA than in controls (Table 1) . Similarly, a comparison of hormonal profile was performed for 18 THA patients with no autoimmune disorder.
Patients with THA were significantly more often found to be hypothyroid, while incidence of hyperthyroidism was similar in both the groups ( Table 1) . The comparison between patients with THA and the control group demonstrated no significant difference in the total thyroid volume. Thus, the total hemiagenetic thyroid volume was significantly higher in the THA group when compared to the mean volume of one thyroid lobe (half of the total thyroid volume in control subjects). Higher incidence of focal lesions in patients with THA was also noted. The lesions were often multiple, mixed, or solid, and were also larger than 11 mm. Heterogeneous decreased echogenicity was more frequently observed among patients with THA as well ( Table 3) . Immunological assessment revealed a significantly increased prevalence of elevated thyroid autoantibodies (TRAb, TPOAb, and TgAb) in comparison to the control group (Table 4 ).
Discussion
Recent population-based studies estimated the prevalence of THA for 0.2-0.025% (2, 6, 15, 16) . Agenesis, for unknown reasons, concerns the left thyroid lobe in the majority of cases, 68-80% according to different reports. This is in accordance with our observations, where 87.5% of patients presented left-sided agenesis. In approximately half of the cases of THA (70% in our series), the isthmus is present, with a characteristic hockey stick scintigraphic appearance (17) . In the studied group, as well as in previous literature case reports, right lobe agenesis was in each case associated with isthmus absence. On the other hand, in most cases of left lobe agenesis, detailed sonographic imaging revealed the presence of isthmus, at least in a residual form. In conclusion, lobulation disorders in most cases result in an isolated left lobe agenesis, or associated right lobe and isthmus developmental failure.
Literature search for reports on THA reveals nearly 300 patients described so far, mostly as case studies. However, large cohorts of subjects with this anomaly have rarely been analyzed. The first review of a greater number of patients with THA, comprising 13 cases, was reported by Mariani et al. patients is described. Thus, all the patients were either euthyroid or hyperthyroid, and the associated thyroid pathological conditions were Graves' disease in two cases; colloid nodule in two cases; and simple goiter, follicular carcinoma, or follicular adenoma in the remaining three cases (1). In the study by Castanet et al., the largest series so far of 22 cases with THA was reported; however, patients with marked hypoplasia of one of the thyroid lobes were included as well. The only concomitant thyroid abnormalities described in this largely pediatric cohort were nodules and cysts, while immunological tests were not performed (19) . The latest study of 14 subjects by Gursoy et al. revealed the presence of associated thyroid pathology in nine patients, of whom four patients were diagnosed with Hashimoto's thyroiditis, four patients with a nontoxic multinodular goiter, and one patient with toxic adenoma (16) . The observed variety of thyroid pathological entities overlapping THA suggests a strong impact of environmental factors, age structure, and the selection of the analyzed group on the clinical profile of patients with THA.
The limitation of most research concerning THA is that the analyzed groups consisted of patients with associated thyroid diseases, whose thorough diagnostics led to the incidental detection of concomitant hemiagenesis. Thus, the approximated frequency might not reflect the real incidence of thyroid disorders in a healthy population. For that reason also, the preponderance of women with THA may only be a result of better detectability due to the fact that thyroid disorders occur more often in the female sex. In our series, a considerable part of patients (17 out of 40) had THA diagnosed incidentally. Most of the remaining were diagnosed due to thyroid asymmetry, which was detected by the patient or during physical examination. Fourteen of them additionally presented features of mild thyroid dysfunction on admission. However, overall prevalence of associated disorders in patients with THA was independent of the reason for thyroid ultrasound examination, and presented similarly in these subgroups.
Furthermore, our study shows that the frequency of thyroid abnormalities in patients with THA varies with age, which is probably due to the longer exposure of the hemiagenetic gland to TSH overstimulation in older patients. Along with age, individuals with a unilateral thyroid agenesis frequently develop compensatory hypertrophy of the contralateral thyroid tissue, thyroid nodular disease, and thyroid autoimmune disorders, which are usually not observed among children. This could explain the controversial conclusions about the benign character of this anomaly derived from the recent population-based studies in children (2, 6, 15) . According to these studies, no abnormalities except a significantly increased level of TSH and FT 3 , combined with the presence of compensatory hypertrophy described in the first paper, were found in children with THA. Additionally, our results suggest an agedependent increase in thyroid volume, which takes place along with associated decreases in TSH level.
It is still a matter of debate whether THA itself should be considered clinically insignificant, or the absence of one lobe predisposes to the development of associated thyroid disorders. The fact that diagnosis of THA is often made when some other thyroid disease is present, coupled with the paucity of cases without overt thyroid disorder under observation, makes assessment of the outcome of patients affected with this anomaly very difficult. However, the latest analysis of Gursoy et al. revealed that the incidence of THA among patients with thyroid disorders is tenfold greater than in the healthy population, supporting our conclusion that subjects with THA are more prone to develop thyroid disorders (16) .
Patients with isolated THA are usually clinically euthyroid. THA results in congenital hypothyroidism only sporadically, which is detected by TSH neonatal screening (20) . On the other hand, it has been observed that people with THA have significantly higher TSH and FT 3 concentrations when compared to those with fully developed thyroid, which is in accordance with our observations and suggests an impaired functional reserve of the unilobate thyroid (6) . An increased level of FT 3 in comparison to subjects with bilobate gland may be explained with enhanced peripheral T 4 -T 3 conversion, or stimulated thyroidal T 3 secretion due to elevated TSH in response to thyroid hormones insufficiency. Nevertheless, no significant difference in FT 4 concentration has been noted between the THA subjects and the control group. This indicates an altered set point of hypothalamic-pituitary-thyroid axis in patients with THA as the underdeveloped gland appears to be exposed to higher TSH overstimulation in order to preserve thyroid hormones level within normal ranges. The recently discussed need to redefine the upper TSH limit has repercussions on the decisions concerning the treatment of patients with THA. The old reference ranges are thought to have been based on crosssectional studies of populations, uncorrected for an underlying occult thyroid disease, or any other cause for TSH elevation, while more than 95% of the population has TSH level below 2.5 mIU/ml (21) . The true TSH normal values for formerly iodine-deficient regions were estimated at 0.25-2.12 mIU/ml and are distinct from the reference ranges established in areas with iodine sufficiency (22) . The mean TSH level in the Caucasian population is 1.4 mIU/ml or even 1.18 mIU/ml in Afro-Americans, in whom a very low incidence of Hashimoto's thyroiditis is observed, which strongly suggests that this value is true for a healthy population (23) . Baseline TSH level above 1.53 mIU/ml has also been reported as a predictor of subsequent thyroid dysfunction (24) . Accordingly, most subjects with THA ought to be regarded as affected with subclinical hypothyroidism and patients at a higher than populational risk of developing overt thyroid failure.
Both clinical observations and experimental studies provide evidence that elevated TSH, as a thyroid growth-promoting factor, may lead to diffuse or nodular goiter and is connected with an increased risk of neoplastic transformation (25) . It has been recently reported that TSH concentration at presentation is an independent predictor of the presence of thyroid malignancy, demonstrating that the risk of cancer in a thyroid nodule increases significantly with serum TSH level, even within the normal range (26, 27) . Therefore, subjects with THA due to both high prevalence of thyroid nodular disease and an increased baseline TSH concentration are at a higher risk of developing thyroid neoplasms. Although we have diagnosed no thyroid cancer in a hemiagenetic thyroid, a high prevalence of morphological abnormalities found on US in patients with THA was demonstrated. Nodules found in these patients were predominantly solid, large (O11 mm), and often multiple, just opposite to the control group.
Additionally, situations of increased thyroid hormone demand (for example, during the growth and maturation period, or pregnancy, as well as environmental factors, such as iodine deficiency, or exposure to goitrogens) may further intensify TSH secretion, with all its negative consequences, and disturb the existing state of compensation in subjects with THA. This might be prevented with L-T 4 (LT 4 ) treatment. Moreover, in cases when a thyroid of initially reduced volume is unable to satisfy the increased requirements, such treatment could avert the severe and irreversible consequences of even a slight thyroid hormone deficiency during the periods of life crucial for proper psychomotor development, such as growth, puberty, or pregnancy. Therefore, in our opinion, in patients with THA in whom treatment with LT 4 was administered, a target TSH range for patients on hypothyroidism therapy -1.0-1.5 mIU/ml -should also be applied.
The high prevalence of thyroid autoimmune disorders in our series is noteworthy, especially as such an immunological profile of subjects with THA has rarely been described to date and autoimmune thyroid disease is considered to manifest on the background of a genetic disposition (28) . It is uncertain whether sustained overstimulation of the hemiagenetic gland in patients with THA might promote an autoimmune reaction targeted at thyroid autoantigens, and as a result, increase the risk of autoimmune thyroid disease development in genetically susceptible individuals (29, 30) . Before 1997, when a mandatory model of iodine prophylaxis, based on household salt iodization, was implemented, the region of Poland was classified as a moderate iodine-deficient area (31) . Several authors reported that introduction of iodine supplementation was followed by an increase in the incidence of autoimmune thyroiditis (32) (33) (34) . Nevertheless, significantly higher prevalence of thyroid autoimmune disorders in comparison to a control group of subjects with bilobate thyroid, living in the same area and matched for age and gender, requires further investigation.
In conclusion, our study provides the first systematic analysis of a large group of subjects with THA. Although hormonal production of a single thyroid lobe was usually found to be sufficient to maintain clinical euthyroidism, significantly higher than populational TSH and FT 3 levels are observed among the subjects. Furthermore, a higher incidence of associated thyroid pathologies, including thyroid autoimmune disorders, disturbances in thyroid function, and thyroid morphological abnormalities was noted among patients with THA when compared to subjects with fully developed thyroid gland. Additionally, the frequency of some pathologies in subjects with THA increased significantly with age. The obtained results suggest that individuals diagnosed with THA are more likely to develop thyroid pathology, while sustained TSH overstimulation of the undersized gland might play a major role in its etiopathogenesis. Therefore, diagnosis of THA, in our opinion, should be followed by systematic monitoring of thyroid morphology and hormonal function. Furthermore, as a preventive measure or treatment, adequate LT 4 substitution ought to be considered in patients with an elevated TSH level. However, the outcomes of such an intervention should be investigated in the future before a firm recommendation can be made.
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